The gene, pixJ1 (formerly pisJ1), is predicted to encode a phytochrome-like photoreceptor that is essential for positive phototaxis in the unicellular cyanobacterium 
Introduction
Phytochromes are a family of photoreceptors, many of which covalently bind the chromophore phytochromobilin (PΦB) and mediate photomorphogenesis (Quail 2002) . Generally, they are regulated by switching between a biologically inactive red absorbing form (P r ) and an active far-red absorbing form (P fr ). A specific Cys residue has been identified as an anchor, which covalently binds PΦB. Recently, several bacterial genes have been reported as distinct homologs of the plant phytochromes. In particular, in vitro reconstitution of apoproteins with various tetrapyrroles revealed that Cph1 from a unicellular cyanobacterium Synechocystis sp. PCC 6803, CphA and CphB from a filamentous cyanobacterium Calothrix sp. PCC 7601, and BphPs from soil bacteria Agrobacterium tumefaciens and Pseudomonas aeruginosa and a radiation-resistant bacterium Deinococcus radiodurans are capable of assembly of the photoconvertible chromophore-protein complexes (Hughes et al. 1997 , Davis et al. 1999 , Jorissen et al. 2002 , Lamparter et al. 2002 , Quest and Gartner 2004 . However, only a few proteins have been isolated from their original organisms as a holoprotein (Bhoo et al. 2001 , Hübschmann et al. 2001 . These phytochrome-like proteins are designated bacteriophytochromes.
Plant phytochromes and bacteriophytochromes share a large chromophore-binding region of about 500 amino acid residues. In bacteriophytochromes, phycocyanobilin (PCB) or biliverdin (BV) is covalently ligated to a positionally conserved Cys or His residue in a small domain named the GAF domain, where PΦB is ligated to the Cys residue in plant phytochromes (Davis et al. 1999, Quest and Gartner 2004 , see also Lamparter et al. 2004 ). The GAF domain was independently defined as sequences of approximately 150 amino acid residues, which were conserved in various signaling proteins, such as cGMP-binding phosphodiesterase, Anabaena adenylate cyclase and Escherichia coli FhlA (Aravind and Ponting 1997) . Recently, a number of bacterial and eukaryotic genomes have been sequenced, and it was found that many organisms encode proteins containing a wide range of GAF domains (Galperin et al. 2001 ). Now it is established that the GAF domains form a superfamily, which consists of many subgroups with distinct physiological roles. The cGMP-binding GAF domains (McAllister-Lucas et al. 1995) and phytochromes are well-characterized subgroups, but many other subgroups are currently recognized based on sequence similarity alone. Of these, an important subgroup is the phytochrome-like GAF domains that are significantly related to the plant phytochromes and bacteriophytochromes.
The unicellular cyanobacterium Synechocystis sp. PCC 6803 displays phototactic motility on solid surfaces using a type IV-like pilus structure (Bhaya et al. 1999 , Bhaya et al. 2000 , Okamoto and Ohmori 2002 , Yoshihara et al. 2002 . Previously, we have shown that a gene cluster consisting of pixG (sll0038), pixH (sll0039), pixI (sll0040), pixJ1 (sll0041), pixJ2 (sll0042) and pixL (sll0043), formerly designated pisG/H/I/J1/J2/L, is involved in positive phototaxis in Synechocystis (Yoshihara et al. 2000) . The predicted products of these genes show significant similarities to PatA, CheY, CheW, MCP (methyl-accepting chemotaxis protein), MCP and CheA, respectively, which form a signal transduction system to switch flagellar rotation in bacterial chemotaxis (Bourret and Stock 2002) . Sequence analysis predicts that the MCP-like PixJ1 [ID No. in Cyanobase (http:// www.kazusa.or.jp/cyano/) sll0041; formerly pisJ1, also called taxD1] contains two GAF domains in addition to a signaling motif of chemoreceptors. This strongly suggests that PixJ1 is a phytochrome-like photoreceptor mediating positive phototaxis. To confirm this hypothesis, we isolated His-tagged PixJ1 protein from Synechocystis cells and found that it shows a novel reversible photoconversion between blue and green regions.
Results

Overexpression of pixJ1 in Synechocystis
Based on the initial annotation of the pixJ1 gene (sll0041 or ORF891, position from 3151650 to 3148975), we designed an overexpression construct of this ORF with a His tag at the putative N-terminus under control of the trc promoter (Fig. 1) . The trc promoter has been reported to allow overexpression of downstream genes in Synechocystis sp. PCC 6803 (Ng et al. 2000) . Later, we found one extra C, 282 bp upstream from the start codon of the initially annotated sll0041 in both motile and non-motile substrains. Subsequently, the same C was also confirmed in the genome of the sequenced strain (T. Kaneko and S. Tabata personal communication) . This one base correction may extend the putative N-terminus of the pixJ1 ORF by 327 bp without any frameshift in the gene. This ORF (ORF1000) is now annotated as sll0041 in CyanoBase. We made constructs to overexpress both two ORFs of pixJ1 with N-terminal fusion His tags and the trc promoter. Both constructs were successfully introduced into the PCC-P substrain of Synechocystis sp. PCC 6803, which reproducibly shows positive phototaxis under lateral illumination (Yoshihara et al. 2000) . These mutants expressing either the longer or shorter His-tagged ORF retained positive phototaxis comparable to wild type, indicating that His-PixJ1 proteins were functional in these mutant cells. In this communication, we used the shorter ORF construct to direct expression of His-tagged PixJ1, because it gave greater yield and purity than the longer ORF (data not shown).
Chromophore binding of isolated His-PixJ1
It is well known that a linear tetrapyrrole covalently bound to a protein can be detected under UV light as orange fluorescence after SDS-PAGE in the presence of zinc ions (Berkelman and Lagarias 1986) . In the presence of zinc ions, membrane proteins of Synechocystis cells expressing HisPixJ1 showed at least three fluorescent bands at 100 kDa, 92-95 kDa and 20 kDa, in addition to the dense band of phycobiliproteins at the front ( Fig. 2A, B , lane 1). After Ni-affinity chromatography of the detergent-solubilized membrane pro- teins, we obtained a partially purified fraction containing two bands of about 100 kDa and 90 kDa ( Fig. 2A, lane 2) . Of these, only the 100 kDa band was detected by Western blotting with HisProbe (data not shown). In the presence of zinc ions, the 100 kDa band was fluorescent, while the copurified band of 90 kDa was not fluorescent at all (Fig. 2B, lane 2) . When the gel was soaked in 1 mM EDTA, fluorescence intensity from the His-PixJ1 band was greatly decreased (data not shown). These data suggest that His-PixJ1 covalently binds a linear tetrapyrrole chromophore like the phytochromes.
Spectral analysis
When absorption spectrum of the dark-adapted His-PixJ1 was measured after dialysis and concentration, no obvious peak for the PixJ1 chromophore was observed, although peaks of chlorophylls at around 420-430 nm and 670 nm were seen (Fig. 3A , solid line). However, irradiation of this sample with violet light (λ max = 400 nm) yielded a large peak in a green region and some decrease in a blue region (Fig. 3A , broken line). When this sample was further irradiated with green light (λ max = 513 nm), the absorption spectrum reverted to the original form; the peak in the green region disappeared and the peak in the blue region increased concomitantly (Fig. 3A , dotted line). Notably, no absorption change was observed in either the red or far-red region.
An absorption difference spectrum of violet minus green light irradiation showed three peaks: the positive peak at 535 nm, a broad negative peak from 425 to 435 nm and a minor positive peak from 335 to 340 nm (Fig. 3B , line a). The same sample was then irradiated with the violet light again, giving rise to the green minus violet difference spectrum (Fig. 3 , line b) that is almost a mirror image of the previous one. This demonstrates a fully reversible photoconversion between the two distinct spectral forms of PixJ1: the blue light-absorbing form (P b ) and the green light-absorbing form (P g ). By contrast, no spectral change was observed when the P b or the P g form was irradiated with a far-red light (λ max = 700 nm) or the P b form was irradiated with a red light (λ max = 640 nm) (Fig. 3B , lines c, d, f). A slight photoconversion was found when the P g form was irradiated with the same red light (Fig. 3B , line e). Since this spectrum was similar to line b, we assume that the LEDemitted red light (λ max = 640 nm, half bandwidth = 15 nm) was slightly contaminated with green light that induced photoconversion from P g to P b . Based on these observations, we conclude that neither P b nor P g responds to irradiation with the red or far-red light. Notably, the peaks of the two spectral forms of PixJ1 were about 200 nm shorter than those of phytochromes and bacteriophytochromes, which show reversible photoconversion between the 650-700-nm-absorbing P r form and the 700-750-nm-absorbing P fr form. The chromophore bound to PixJ1 must be different from PΦB, PCB or BV in its π-electron conjugating system. 
Dark reversion
We found that the P g form of the PixJ1 chromophore was not stable in the dark and spontaneously reverted to the P b form. Over 30% of the initial pool of P g reverted to the P b form within 1 h in the dark after saturating violet light illumination (Fig. 4, 1 h ). Furthermore, prolonged dark incubation caused slow reversion of the remaining P g to P b (Fig. 4, 14 .5 h). Thus, the non-photochemical conversion of PixJ1 seems to consist of two different kinetic processes, although it will be necessary to analyze the time course in more detail in order to confirm this. In contrast, reversion from P b to P g in the dark was not observed at all (data not shown). The absorption spectrum of His-PixJ1, which was prepared in dim room light and incubated in darkness, consistently showed no peak at all near 535 nm (Fig. 3A, solid line) . This contrasts with the fact that the P fr form of cyanobacterial bacteriophytochromes (e.g. Synechocystis Cph1 and Calothrix CphA) are stable in darkness (Jorissen et al. 2002 , Lamparter et al. 2002 .
Chromophore binding at the second GAF domain in PixJ1
PixJ1 of Synechocystis has two GAF domains as potentially chromophore binding (Fig. 1B) . To examine which GAF domain binds the chromophore, we introduced site-directed mutations into the second GAF domain (Cys592Ala and His593Ala), because the second GAF is most similar to the phytochrome-like group (see Discussion). The Cys592-His593 very likely correspond to the Cys-His motif that is essential for ligation of PΦB in the plant phytochrome. The mutant Histagged PixJ1 protein was partially purified and examined by SDS-PAGE, zinc-induced fluorescence analysis and Western blotting (Fig. 5) . The mutant protein scarcely showed zincinduced fluorescence (Fig. 5B, lane 2) , even though much more protein was loaded compared with the wild-type protein (Fig.  5A , C, lane 2). This clearly indicates that the Cys-His residues of the second GAF domain are essential for binding of the tetrapyrrole chromophore.
Discussion
Here we demonstrated that the PixJ1 protein of Synechocystis, a putative photoreceptor for positive phototaxis, is a novel pigment-binding protein that shows reversible photoconversion between the blue light-and green light-absorbing forms, P b and P g , respectively. Based on the difference spectra, the P b form shows an absorption peak at approximately 425-435 nm, whereas the P g form shows peaks at 335-340 nm and 535 nm. We assume that neither the P b nor the P g form absorbs red or far-red light. This is the first report to describe a novel photoconversion of a cyanobacterial phytochrome-like protein.
To date, many phytochrome-like proteins of various bacteria have been reported to bind tetrapyrrole chromophores in vivo or in vitro (Davis et al. 1999 , Park et al. 2000 , Bhoo et al. 2001 , Giraud et al. 2002 , Jorissen et al. 2002 , Karniol and Vierstra 2003 , Mutsuda et al. 2003 , Terauchi et al. 2004 . A semi-in-vivo system of E. coli expressing both apoprotein and enzymes of chromophore biosynthesis has been successfully introduced for the reconstitution of bacteriophytochromes (Bhoo et al. 2001 , Gambetta and Lagarias 2001 , Landgraf et al. 2001 ). However, our observations strongly suggest that the cyanobacteria are capable of synthesizing a previously unknown tetrapyrrole chromophore. It is a prerequisite to know the intrinsic chromophore of holoproteins that are assembled in vivo, before being able to study the in vitro reconstituted ones.
There are only a few reports that have isolated holoproteins assembled in vivo. They are Cph1 of Synechocystis sp. PCC 6803 (Hübschmann et al. 2001 ) and BphP of Deinococcus radiodurans (Bhoo et al. 2001 ). Cph1 was isolated as a His-tagged protein from Synechocystis and shown to ligate PCB covalently as a chromophore. It exhibited reversible photoconversion between P r (656-nm-absorbing form) and P fr (704-nm-absorbing form) similar to plant phytochromes. BphP   Fig. 4 Dark reversion of the P g form of PixJ1. After 2 min of violet light irradiation, absorption spectra were recorded at the times indicated. was isolated as a tetrapyrrole-binding protein from D. radiodurans by immunoprecipitation. However, no spectral properties were presented for this preparation, probably due to too low expression of the holoprotein, because it is involved in light perception but not in energy trapping like photosynthesis. Another recent example is RcaE which is a putative photoreceptor for complementary chromatic adaptation of a cyanobacterium, Fremyella diplosiphon (Kehoe and Grossman 1996) . RcaE was isolated as a His-tagged protein and shown to covalently bind a tetrapyrrole pigment as judged from the zincinduced fluorescence (Terauchi et al. 2004) . No spectral features of the holo-RcaE were presented, although it has been proposed to be involved in red and green photoresponses.
The zinc-induced fluorescence from His-PixJ1 strongly suggested that a linear tetrapyrrole is covalently bound to PixJ1. In the Synechocystis genome, three genes have been reported to be involved in the biosynthesis of linear tetrapyrroles: sll1875 (ho1) encodes a functional heme oxygenase, which produces BV from protoheme (Cornejo et al. 1998) , and slr0116 (pcyA) encodes a functional PCB: ferredoxin oxidoreductase that reduces a 2,3 double bond of BV to form PCB (Frankenberg et al. 2001) . In Synechocystis, only PCB has been detected thus far as the bilin chromophore of phytochrome Cph1, phycocyanin and allophycocyanin. Based on the genome analysis, slr1784 (bvdR) is predicted to encode a BV reductase (Kaneko et al. 1996) . Recombinant Slr1784 showed NADPHdependent reductase activity, converting BV to bilirubin and PCB to phycocyanorubin-like pigment (Schluchter and Glazer 1997) . Although slr1784 homologs are widely distributed in many cyanobacteria, bilirubinoids have not yet been detected in cyanobacteria. Absorption peaks of BV and PCB are far longer than those of the P g or P b forms of PixJ1, while the absorption peak of bilirubin (λ Amax = 450 nm) or the PCB-derived product (λ Amax = 429 nm) is comparable to the P b form of PixJ1 (Schluchter and Glazer 1997) . To assess the possibility that bilirubinoids may be the chromophore attached to PixJ1, the bvdR gene was disrupted in Synechocystis cells expressing HisPixJ1. The disrupted bvdR gene has not yet segregated in our strain even after screening for more than a year. This incomplete gene disruption showed no apparent defect in the chromophore binding or absorbance difference spectra of His-PixJ1 (data not shown).
In cyanobacteria, four different types of linear tetrapyrroles are known: PCB (λ Amax = 660-670 nm), phycoerythrobilin (PEB, λ Amax = 540-575 nm), phycobiliviolin (PVB, λ Amax = 575 nm) and phycourobilin (PUB, λ Amax = 490-500 nm) (Sidler 1994) . PEB is generated from BV by a two-step reaction catalyzed by dihydrobiliverdin:ferredoxin oxidoreductase (PebA) and PEB:ferredoxin oxidoreductase (PebB) (Frankenberg et al. 2001) . However, no homologs of pebA or pebB were found in the Synechocystis genome. Further, PEB lacks the double bond at C15-C16 between rings C and D, which undergoes Z/E isomerization in photoconversion of phytochrome and phycoerythrocyanin (Li and Lagarias 1992 . The PUB biosynthesis pathway has not yet been elucidated in any organisms. In Mastigocladus, PecE and PecF proteins, which are homologous to CpcE and CpcF of PCB lyase, respectively, catalyze both covalent attachment of PCB to the phycoerythrocyanin α subunit (PecA) and PCB isomerization to PVB (Storf et al. 2001 , Zhao et al. 2002 . PVB-attached PecA shows reversible photochemistry between 505-nm-absorbing and 570-nm-absorbing forms . The Synechocystis genome harbors cpcE and cpcF but no obvious homologs of the pecE and pecF genes; however, it has three genes significantly homologous to cpcE or cpcF: slr1687, slr1098 and nblB (sll1663). These genes are widely distributed in cyanobacteria , Nakamura et al. 2002 . Since nblB was identified as an essential gene for degradation of phycobilisome in Synechococcus, it was assumed to encode a lyase-like enzyme to detach PCB from phycocyanin (Dolganov and Grossman 1999) . The other two genes were suggested to be responsible for ligation of a bilin chromophore to apoproteins such as PixJ1. To examine the involvement of these genes in chromophore binding of PixJ1, we have disrupted these genes in Synechocystis expressing His-PixJ1. Disruption of the slr1687 or slr1098 gene and complete segregation did not, however, affect the absorption spectra of His-PixJ1 (data not shown).
The GAF superfamily contains many known subgroups such as dimerization, cGMP-binding or PΦB/PCB/BV-binding domains, but it also has a number of yet uncharacterized domains in different subgroups. In the Synechocystis genome, a total of 33 GAF domains are predicted to be encoded by 28 ORFs. Based on the clustering analysis together with known phytochromes and phytochrome-related proteins, it was possible to find two distinct clusters (Fig. 6 ). Cluster I (light gray in Fig. 6 ) consists of the GAF domains of Cph1 and Cph2 of Synechocystis, plant phytochromes and bacteriophytochromes, which bind PCB, PΦB or BV. Cluster II (dark gray in Fig. 6 ) contains GAF domains of many cyanobacterial putative photoreceptors including PixJ1. The others seem to be a mixture of yet uncharacterized GAF domains.
PixJ1 of Synechocystis harbors two GAF domains: one carrying the Cys592-His593 motif belongs to Cluster II and another carrying a Pro420-His421 is not categorized into either Cluster I or II (Fig. 1B, 6 ). The PixJ1 homolog (Tll0569) of the thermophilic cyanobacterium Thermosynechococcus elongatus BP-1 has only one GAF domain that belongs to Cluster II. It also harbors a Cys-His pair in this GAF domain. Our sitedirected mutagenesis clearly demonstrated that the second GAF domain in PixJ1 is responsible for binding a bilin chromophore. On the other hand, CikA is a putative photoreceptor for the reset of circadian rhythm in Synechococcus elongatus PCC 7942 (Schmitz et al. 2000) . However, CikA isolated as a His-tagged protein from Synechococcus cells did not carry any chromophore covalently, although in vitro reconstitution led to the artifactual covalent binding of PCB (Mutsuda et al. 2003) . PlpA is required for growth under blue light illumina-tion in Synechocystis . RcaE is a putative photoreceptor of green or red light for complementary chromatic adaptation in F. diplosiphon (Kehoe and Grossman 1996) . RcaE, isolated as a His-tagged protein from the cyanobacterial cells, binds a linear tetrapyrrole that is yet to be identified. In summary, the GAF domains of Cluster II contain various putative photoreceptors in cyanobacteria. In the genome of a filamentous N 2 -fixing cyanobacterium Anabaena sp. PCC 7120, 22 of 87 GAF domains were grouped into Cluster II Ohmori 2003) . On the other hand, no such GAF domains have been detected outside the cyanobacteria or even in plants. Here, we propose to designate PixJ1 and the related putative pigment-binding proteins as 'cyanobacteriochromes'. This is quite in contrast to Cluster I, which includes GAF domains of phytochromes of plants as well as bacteriophytochromes of photosynthetic and non-photosynthetic bacteria and some cyanobacteria. This suggests that the chromophore-binding GAF domains of Cluster II have evolved from Cluster I to yield a wide variety of photoreceptors which occur only in cyanobacteria. Alternatively, one of the GAF domains of Cluster II may have generated the Cluster I genes, which were inherited by plants and horizontally transferred to some bacteria.
We previously reported that pixJ1 mutants lacked phototactic motility toward white light, suggesting that PixJ1 is a photoreceptor for positive phototaxis (Yoshihara et al. 2000) . However, pixJ1 mutants still showed phototactic motility away from white light (negative phototaxis). Analysis of light quality and quantity showed the complex positive phototactic motility toward light ranging from yellow to red (560-720 nm) in the wild type (Choi et al. 1999 , Ng et al. 2003 . By contrast, the pixJ1 mutant lost this positive phototaxis but retained negative phototaxis away from light in the yellow to red (Choi et al. 1999 , Ng et al. 2003 . These results suggest that the PixJ1 photoreceptor recognizes yellow to red light for activation of positive phototactic motility. However, the difference spectra of the isolated PixJ1 protein showed a reversible photoconversion peaking at 425-435 nm and 535 nm. Furthermore, the blue light-absorbing P b form was stable in the dark. These results suggest that PixJ1 is a blue light receptor. The apparent inconsistencies between the action spectra of positive phototaxis and the spectral properties of PixJ1 could be reconciled by assuming that a blue light signal inactivates positive phototaxis via PixJ1. That is, the dark-stable P b form of PixJ1 may be active to allow positive phototaxis toward a broad range of light from yellow to red. Irradiation with blue light leads to conversion from P b to P g , which is inactive in signal transduction to induce positive phototaxis. Wild-type cells were consistently demonstrated to show no phototactic motility to blue light (424 nm in Ng et al. 2003 , 460 nm in S. Yoshihara, F. Suzuki, R. Kobayashi, M. Watanabe, and M. Ikeuchi unpublished data). In this case, we must assume that other photoreceptor(s) recognize the direction of incident light ranging from yellow to red. Such a complex mechanism for positive phototaxis has been implicated by the non-linear dose-response dependency of light action (Kondou et al. 2001 , Ng et al. 2003 . This hypothesis can be examined by further studies encompassing genes involved in motility, signal transduction, pigment production and pilus structure, which support the complex system of phototactic motility in cyanobacteria. In this context, further characterization of the PixJ1 protein and its chromophore will lead us to a critical part of this biological phenomenon.
Materials and Methods
Culture and growth conditions
The motile strain of the unicellular cyanobacterium Synechocystis sp. PCC 6803 was obtained from the Pasteur Culture Collection. A clone showing vigorous motility with positive phototaxis PixJ1 1/2' represents the first of the two GAF domains in Sll0041, which is designated as PixJ1.
(substrain PCC-P) was selected as the parent strain for genetic engineering (Yoshihara et al. 2000) . Cells were grown in liquid BG11 medium (Stanier et al. 1971 ) bubbled with air containing 1% (v/v) CO 2 at 31°C at a light intensity of 50 µE m -2 s -1 . Kanamycin or chloramphenicol was included at 20 µg ml -1 to screen and maintain mutants.
Plasmid construction PCR was performed with Taq polymerase (Ampli-Taq; PE Applied Biosystems, Foster City, CA, U.S.A.) or Pfu DNA polymerase (Stratagene, Madison, WI, U.S.A.), and PCR products were cloned into pCR2.1 TA cloning vector (Invitrogen, Carlsbad, CA, U.S.A.) or EcoRV-digested pPCR-Script cloning vector (Stratagene). All constructs were confirmed by nucleotide sequencing with the BigDye terminator fluorescence detection method (PE Applied Biosystems), using a capillary sequencer (ABI PRISM 310 Genetic Analyzer; PE Applied Biosystems). The primers used in this study are shown in Table 1 .
For overexpression of His-PixJ1 in Synechocystis, the upstream region of the pixJ1 gene and the region corresponding to the N-terminus of the initially annotated pixJ1 gene (sll0041) were amplified by PCR using the primers pixJ1-1 and pixJ1-2, and pixJ1-3 and pixJ1-4, respectively. A fragment of the chloramphenicol resistance gene was amplified by PCR using primers CmR-1 and CmR-2 from pLysS (Novagen, Madison, WI, U.S.A.). A fragment including the trc promoter and His tag was amplified by PCR with primers PtrcHis-1 and PtrcHis-2 from pTrcHisB (Invitrogen). All amplified fragments were cloned and ligated with specific restriction sites to yield an N-terminally His-tagged PixJ1 expression plasmid.
For site-directed mutagenesis in the second GAF domain, two complementary primers, pixJ1-5 and pixJ1-8, were designed for base substitutions at the predicted chromophore-binding site, Cys-592, and the adjacent His-593. The original nucleotide sequences of TGCCAC were mutated to GCGGCT to replace Cys-His with Ala-Ala. The upstream and downstream regions of the mutated sequences were amplified by PCR from Synechocystis chromosomal DNA using primers pixJ1-3 and pixJ1-8, and pixJ1-5 and pixJ1-7, respectively. The downstream pixJ1 coding region was amplified with primers pixJ1-6 and pixJ2. All amplified fragments were cloned and ligated with unique restriction sites. Introduction of the Tn5-derived kanamycin resistance cassette downstream of the pixJ1 gene produced the construct for site-directed mutagenesis.
The positively phototactic Synechocystis strain, PCC-P, was transformed with these constructs as described previously (Hihara and Ikeuchi 1997) .
Protein purification
Cells expressing His-tagged protein were harvested at mid-log phase (A 730 = ∼1.0) by centrifugation. After washing with 20 mM HEPES-KOH, pH 7.5, cells were resuspended in the same buffer. The cells were broken with zirconia/silica beads (0.1 mm diameter; Biospec, Bartlesville, OK, U.S.A.) in a mini-beadbeater (Biospec) with three cycles of 30 s homogenization and 2 min cooling. The homogenate was centrifuged at 7,200×g for 10 min to remove cellular debris and then centrifuged at 100,000×g for 30 min to obtain the membrane fraction. After washing, the membranes (1 (mg Chl) ml -1 ) were solubilized with 1.0% (w/v) n-dodecyl-β-D-maltoside in 20 mM HEPES-KOH, pH 7.5 for 10 min at 4°C, and were centrifuged at 100,000×g for 30 min to remove insoluble material. The supernatant was applied to a Ni-affinity column (HiTrap Chelating; Amersham Biosciences, Piscataway, NJ, U.S.A.). Using a linear imidazole gradient, most of the His-PixJ1 eluted between 100 and 120 mM imidazole. After dialysis against 1 liter of 20 mM HEPES-KOH, pH 7.5 three times, the eluate was concentrated using Ultrafree-0.5 centrifugal filter unit (Millipore, Bedford, MA, U.S.A.).
SDS-PAGE and zinc-induced fluorescence assay
Purified protein was solubilized with 2% (w/v) lithium dodecylsulfate, 60 mM dithiothreitol and 60 mM Tris-HCl (pH 8.0) and subjected to SDS-PAGE with an 8% (w/v) polyacrylamide gel, followed by staining with Coomassie brilliant blue R-250. Alternatively, proteins resolved in the SDS gel were blotted onto a polyvinylidene difluoride membrane (Immobilon, Millipore) and the His tag visualized with HisProbe (SuperSignal West HisProbe Kit; Pierce, Rockford, IL, U.S.A.) as instructed by the manufacturer.
For the zinc-induced fluorescence assay, the SDS-gel was soaked in 10 mM zinc acetate for 30 min and fluorescence was visualized through a 605 nm filter upon excitation at 532 nm (FMBIO II; Takara, Ohtsu, Japan).
Absorption spectra and dark reversion assay
Absorption spectra were measured with a UVPC-2400 (Shimazu, Kyoto, Japan). Violet light (80 µE m -2 s -1 ) was provided by an Primer name Sequence pixJ1-1 5′-CCTCCAGTTAACTTTTATTG-3′ pixJ1-2 5′-ATGActcgAGCCCCATCTATCTCCGG-3′ pixJ1-3 5′-TGGGGCTGAGcatATGGCAGAGGCTTTTAT-3′ pixJ1-4 5′-ATCGCCAGTTCATCACCG-3′ pixJ1-5 5′-CaCCggtggctATTGGCCAGCTCAAACCCTTT-3′ pixJ1-6 5′-GTtaACCTAAACCCATAACCGACA-3′ pixJ1-7 5′-gTtaACATTTGGTCAGATCACT-3′ pixJ1-8 5′-agccgccGGtGTCAGtCCtGCaTTGTAAATATCTCGGGTG-3′ pixJ2 5′-ACCTTTCTTCGTCATCCC-3′ PtrcHis-1 5′-ccgacGtcAATATTCTGAAATGAGCTGTTG-3′ PtrcHis-2 5′-ggcatatGATCCTTATCGTCATCGT-3′ CmR-1 5′-ACTCCtCgAGCGCTGATGTCCGGC-3′ CmR-2 5′-CACCgACgTCTGTATTAACGAAGC-3′
LED with a λ max of 400 nm and a 15 nm half-bandwidth (SDL-5N3CUV-A; Sander, Taiwan, China ) was provided by an LED with a λ max of 640 nm and a 15 nm half-bandwidth (L645-03AU; Epitex Inc., Kyoto, Japan). Farred light was provided by an LED with a λ max of 700 nm and a 20 nm half-bandwidth (L700-03AU; Epitex Inc.). Before measuring absorption spectra, samples were irradiated for 2 min to allow saturating photoconversion. For the dark reversion assay, the same absorption spectra were measured after irradiation with violet light for 2 min. The temperature during dark incubation was 4°C.
Clustering analysis
The complete set of GAF domains of Synechocystis sp. PCC 6803 was extracted from the genome sequences. The following published sequences were obtained from GenBank: F. diplosiphon RcaE, FDU59741; S. elongatus PCC 7942 CikA, AF258464; A. tumefaciens Agp1, AE007943; A. tumefaciens Agp2, AE008132; Bradyrhizobium sp. ORS278 BrBphP, AF182374; D. radiodurans R1 DrBphP, AE001862; P. aeruginosa strain PAO1 PaBphP, AE004828; Rhodospirillum centenum Ppr, AF064527 and Arabidopsis thaliana PhyA, X17341. Motif analysis was performed by Pfam (versions 6.0-6.4) available at http://www.sanger.ac.uk/Software/Pfam/. Clustering analysis of GAF domains was performed by automatic sequence alignment and classification with the neighbor-joining algorithm using the ClustalX program (Thompson et al. 1997) . The cluster was visualized as a non-rooted tree.
